Abstract-This paper presents a novel actuator-internal two degree-of-freedom (2-DOF) micro/nano positioning stage actuated by piezoelectric (PZT) actuators, which can be used as a fine actuation part in dual-stage system. To compensate the positioning error of coarse stage and achieve a large motion stroke, a symmetrical structure with an arch-shape bridge-type amplifier based on single notch circular flexure hinges is proposed and utilized in the positioning stage. Due to the compound bridge arm configuration and compact flexure hinge structure, the amplification mechanism can realize high lateral stiffness and compact structure simultaneously, which is of great importance to protect PZT actuators. The amplification mechanism is integrated into the decoupling mechanism to improve compactness, and to produce decoupled motion in X-and Y-axes. Index Terms-Actuator-internal configuration, archshape bridge-type amplifier (ASBTA), decoupling mechanism, micro/nano positioning.
I. INTRODUCTION
M ICRO/NANO positioning system has broad applications in biological manipulation, optical fiber alignment, nano-imprint lithography, scanning probe microscopes, micro/nano assembly, etc [1] - [6] . Compared to conventional macropositioning system, compliant micro/nano positioning system can realize nanometric resolution through the elastic deformation of flexure hinges, which has the advantages of no friction [7] - [11] , no backlash, no lubrication, and easy fabrication, whereas the travel range is usually limited from a few microns to several millimeters. In many application fields like probe tip-based micro/nano scratching, there have been quite a few demands of large stroke positioning [12] - [14] , and many efforts have been devoted to realizing high precision and large workspace simultaneously. In order to compensate the positioning error of coarse actuator, the fine actuation part should have the ability to realize nanometric resolution in two perpendicular directions, and the motion stroke should be greater than the minimum resolution of coarse actuator, which is usually about several tens of microns. Furthermore, a compact configuration would be preferable to reduce the system structure size.
In the field of two degree-of-freedom (2-DOF) micro/nano positioning, parallel kinematic structure has been widely used because of its high precision, low inertia, and compact size [15] , [16] . Meanwhile, decoupling mechanisms have been utilized to eliminate or reduce the cross-coupling error. In the literatures, different decoupling mechanisms have been developed to realize both input and output decoupling. Zhu et al. designed an XY compliant mechanism with differential actuation mode, which leads to compact structure and high natural frequency, but the motion performance in two directions are inconsistent due to differential actuation principle [17] . Qin et al. proposed a decoupled XY stage using statically indeterminate symmetric structure [18] . Xu et al. designed a parallelkinematic XY micro positioning stage based on flexure Roberts mechanism [19] . Generally, the decoupling mechanism would connect serially between motion stage and actuation mechanism, but few studies concentrate on the position configuration relationship among the actuator and its preloaded mechanism, as well as the kinematic decoupling mechanisms in the mechanical design process, which will significantly influence the compactness and dynamic characteristics of micro/nano positioning system.
Besides the structure configuration, the actuation will also significantly affect the performance of positioning stage. Piezoelectric (PZT) actuator has been commonly used for micro/nano positioning because of its advantages, including large driving force, nanometric resolution, and fast response [20] . In some cases, PZT is installed with bolts preloading mechanism to realize high bandwidth, but the limited workspace cannot meet the demand of large stroke positioning. To enlarge the motion stroke, actuation amplification mechanisms have been adopted, like lever mechanism [21] , bridge-type mechanism [22] , Scott-Russell mechanism [23] , and differential mechanism [24] , where bridge-type amplifier (BTA) has been investigated for wide applications due to its large magnification and compact size. Whereas, the low lateral stiffness of conventional BTA would damage the PZT actuator when bearing undesired external load or motion [25] . To overcome this problem, Li and Xu developed a flexure-based compound bridge-type amplifier (CBTA), which has large lateral stiffness to protect the actuator from undesired external load [26] . Zhu et al. investigated a hybrid actuation mechanism with high lateral stiffness and large amplification ratio, which is comprised of ScottRussell mechanism and half-bridge mechanisms [27] . However, these improved methods would enlarge the size of amplification mechanism, which will affect the compactness and dynamic characteristics of the stage.
In this paper, we develop a novel actuator-internal 2-DOF micro/nano positioning stage, which can be used for micro/nano manufacturing and manipulation, like probe tip-based micro/nano scratching system. The proposed positioning stage adopts the parallel kinematic decoupling mechanism, which can realize input and output decoupling simultaneously. Compared to conventional parallel configuration [10] , [18] , the actuation mechanism is placed between the decoupling mechanism and motion platform to form an actuation-internal structure, which improves the compactness and dynamic performance. In addition, a novel arch-shape bridge-type amplifier (ASBTA) with compact structure and large lateral stiffness is designed to magnify the input displacement and provide actuator-protection function.
The mechanical design of the stage is carried out, and the analytical model of the stage is established to explore the characteristics, which is further verified by finite-element analysis (FEA). Experiments have been conducted to evaluate the stage performance. The rest of this paper is organized as follows. The mechanical design of the positioning stage is introduced in Section II, and the modeling and parameter optimization is performed in Section III. Section IV provides the FEA results. In Section V, experiments are presented to evaluate the performance of the stage. Finally, the conclusions are drawn in Section VI.
II. MECHANICAL DESIGN
PZT is adopted as the actuator of the micro/nano positioning stage. In order to achieve large workspace and compact structure size, actuation mechanism is required to preload actuator and amplify the output displacement. Many existed stages adopt conventional BTA as the PZT actuation mechanism as shown in Fig. 1(a) [28] . However, the relatively low lateral stiffness of conventional BTA usually results in undesirable lateral motion when bearing external load, which may damage PZT actuators, and there is an undesired first vibration mode with a low resonant frequency. To overcome the above shortcomings, CBTA is proposed [26] , as shown in Fig. 1(b) , which significantly increases the lateral stiffness and the first natural frequency, but the extra bridges with conventional flexure hinges usually result in large dimension size, which enlarges the size of actuation mechanism. Therefore, a novel amplification mechanism named ASBTA with compact structure and large lateral stiffness is proposed in this paper to serve as the actuation mechanism, which is composed of two bridge arms with single notch circular flexure hinges (SNCFH), as depicted in Fig. 1(c) . The ASBTA actuation mechanism has the structure of two bridges arranged symmetrically to enhance its lateral stiffness, and each bridge consists of a rigid arm and two single notch flexure hinges, which contributes to a compact configuration. Compared to CBTA with the similar feature size in Fig. 1(b) , the ASBTA not only has the same level lateral stiffness and compact size, but also has a higher first vibration frequency. The symmetrical configuration will contribute to a good guiding performance, and the angle between bridge arms and horizontal line can be adjusted to obtain different amplification ratio and various output displacement direction.
Motion decoupling is an important factor that would significantly influence the performance of multi-DOF positioning. In macropositioning stages, the motion decoupling can be realized through conventional kinematic pairs, which usually has a certain DOF of movement [29] , [30] , but things are different in micro/nano compliant stages. In order to eliminate the influence of friction and backlash, flexure hinges are adopted, and parallel kinematic configuration is commonly used because of its outstanding performance, but along with the problem of output motion coupling [16] . Ideally, one actuator should only produce one axis output motion to avoid cross-coupling error. In addition, considering that PZT cannot bear large shearing force or moment [25] , the actuator should not suffer from undesired loads resulted from the motion of the stage in another axis, which is the input decoupling property. In order to achieve above, a totally decoupled mechanism is designed in this paper.
The totally decoupled mechanism is coming from 2-PP parallel mechanism, where the notations of P represent the prismatic joints. For compliant positioning system, the prismatic joint can be replaced by flexure elements, and should satisfy the demand of high axial stiffness and low shear stiffness. The double parallelogram mechanism possesses excellent guiding ability to serve as prismatic joint, and the characteristic is investigated by FEA. As shown in Fig. 2(a) , the double parallelogram mechanism with SNCFH can produce translational motion in Y-axis at the end of the mechanism, and the coupling displacement is eliminated due to the symmetrical structure. Compared to double parallelogram mechanism with right circular flexure hinge in Fig. 2(b) , the equivalent decoupling mechanism in Fig. 2 (a) has higher stiffness when external force is imposed on motion platform along Z-direction, which exhibits better bearing capacity.
The interim stage is established in decoupling mechanism, and the double parallelogram mechanism with SNCFH is arranged orthogonally as inner and outer constraints. As depicted in Fig. 3(a) , the outer constraint will connect the interim stage and base, and the inner constraint will connect the interim stage and motion platform. As actuation part is connected with interim stage, the input end would keep stable in Y-direction due to the high axial stiffness of outer constraint, which can protect the actuator from shear force. Moreover, the constraints will also serve as guiding mechanism to achieve output decoupling. Generally, most of the micro/nano positioning stages adopt the configuration that actuation part is placed at the outside of interim stage. As can be seen in Fig. 3(b) , the actuation is between interim stage and base, and the output displacement would be transferred through interim stage and inner constraint. However, the outer actuation mechanism could enlarge the stage structure size, which cannot satisfy the compactness in some occasions. The stage in this paper utilizes an actuator-internal configuration, as shown in Fig. 3(c) . The actuation part is placed between interim stage and motion platform, which not only has good decoupling property, but also has a compact size and better dynamic performance.
From the above, the schematic diagram of the stage is depicted in Fig. 4 . The structure consists of ASBTA, PZT actuators, outer constraints, inner constraints, interim stages, and motion platform. A symmetric configuration is adopted to avoid coupling error. When the PZT 1 is actuated, the input displacement D in will be amplified and transferred to interim stage A through ASBTA. By reason of the high longitudinal stiffness of SNCFH, the amplified displacement will be delivered to motion platform through inner constraint B, and the inner constraint A will serve as the guiding mechanism to ensure the motion platform moving in Y-axis, which can achieve output decoupling. Meanwhile, the interim stage B will remain stable due to the high axial stiffness of outer constrain B, which can avoid undesired lateral loads on input end. Because of the symmetry, the driven process along X-axis is similar. Therefore, the input and output decoupling will be realized simultaneously.
III. ANALYTICAL MODELING AND PARAMETER OPTIMIZATION

A. Static Modeling
To analyze the input stiffness and amplification, the modeling is based on Euler-Bernoulli beam theory and compliance matrix method. The compliance of prismatic beam is considered, and the flexure hinges are considered to have 3-DOF. The compliance matrix of SNCFH and prismatic beam can be written as follows:
where C ij (i, j = 1, 2, 3) are the parameters of compliance matrix. The compliance matrix of SNCFH and prismatic beam will be denoted as C S and C P , respectively, and the matrix parameters can be derived by Castigliano's displacement theorem [31] . The geometric parameters of SNCFH and prismatic beam are shown in Fig. 5 . According to the compliant mechanism theory, the compliance equation of the flexure hinge can be obtained as follows:
where
. To obtain the stage compliance, the compliance matrix of flexure hinge will be transferred from local coordinate O i -xy to target coordinate O j -xy by 
where R j i and P j i represent the rotation matrix and translation matrix from coordinate O i -xy to O j -xy, respectively, and
As the actuation mechanism, ASBTA would significantly influence the performance of positioning stage, which will be analyzed at first. Assuming that the actuation mechanism is connected to rigid ground at one end, which can be seen in Fig. 6 . Due to the symmetrical structure, the amplifier can be divided as left part and right part, and ASBTA is parallelly connected by two parts at point F.
In the right-half part, two chains are connected serially, and each chain is comprised of two linkages. The compliance of right-down part at point F can be derived by
In the same way, the compliance of right-top part at point F can be obtained.
In view of the serial connection between two chains, the compliance of the right part at output end F can be written as
Due to the left-right symmetry of actuation mechanism, the compliance of ASBTA at point F can be obtained as
(10) where R y (π) is the transformation matrix from the right to the left section. It can be obtained that C F (2, 2) is the output compliance of ASBTA, which reveals the relationship between transformation and external force at the output end.
When considering the input compliance of ASBTA, only one quarter of actuation mechanism is analyzed due to the symmetrical structure, as can be seen in Fig. 6 . Similar to the output compliance, the compliance of one-quarter structure at point E can be calculated as follows:
According to the force equilibrium theory and compliance matrix method, the following relationships can be obtained as follows:
where F in is the input force, F out is the equivalent external force at the output end of ASBTA, and M z is the equivalent moment. Based on the working principle, the rotation of end point E is zero, and the following relationship can be obtained as follows:
As the decoupling mechanism is serially connected with actuation mechanism, the influence of decoupling mechanism can be simplified as an external load which imposed at the output end of ASBTA. The compliance of decoupling mechanism will be deduced by Euler-Bernoulli beam theory. The SNCFH in decoupling mechanism can be simplified as a revolute pivot with a torsional spring. For one arm of decoupling mechanism, the external force is F y . Due to the symmetricity, only half of the structure will be analyzed. The reaction force and moments are denoted by F AY , M A , and M o , respectively, as shown in Fig. 7 .
From static equilibrium conditions, the following equations can be obtained as follows:
The angular and linear deflections at point B, D, and O can be calculated as follows:
Considering the boundary conditions θ o = 0, and θ o = θ D , the moment M O and the linear compliance of decoupling arm c r in Y-direction can be derived as follows: 
Because the dimensions of decoupling arms are different in outer and inner constraints, the linear compliance is also different. We define the compliance of two kinds of constraints is c r 1 and c r 2 , respectively, which can be obtained from (20) . As the decoupling part is composed of decoupling mechanism and another bridge-type mechanism parallel connecting together, the compliance of decoupling part c e can be obtained.
As the reaction force exerted on decoupling part is F out , Then, the relationship between output motion and equivalent external force can be written as follows:
In view of the boundary conditions with (17) and (25), recall (14)-(16), the amplification ratio and input stiffness of the stage can be calculated as follows:
It has been noted that the maximum stress usually occurs at the outermost surface of the thinnest portion of the flexure hinge, which has the maximum rotation angle. The maximum stress of SNCFH [32] can be calculated as follows:
where r, t, and b denote the radius, thickness, and height of SNCFH, respectively, E is the elastic modulus of the material, ϕ max and F max are the maximum rotation angle and axial force, respectively. According to the kinematic relationship of the stage, the flexure hinge with the maximum rotation angle is the SNCFH in bridge-type amplification. The maximum rotation angle and axial force can be derived as follows:
where u in is the input displacement from PZT.
B. Dynamic Modeling
As the mass of flexure hinge is relatively small, the kinetic energy of flexure hinge is neglected. Due to the symmetric configuration and good decoupling properties of the stage, dynamic analysis is only carried out in X-axis. The generalized coordinate is selected as the input displacement u in .
The kinetic energy of the stage can be divided into two parts, the kinetic energy of BTA and outer mechanism, which are denoted as T B and T O , respectively. 
where m i is the mass of the linkages in the stage; J 1 and J 2 represent the rotational inertia of linkages in BTA and guiding mechanism, respectively. Based on virtual work principle, the potential energy is
Substituting the kinetic and potential energies into Lagrange equation [27] .
The dynamic equation can be described as follows:
where the equivalent mass M can be derived by
Based on the theory of vibration, the translational natural frequency can be calculated as follows:
C. Parameter Optimization
In the field of tip-based micro/nano scratching, the working frequency is usually below 10 Hz to protect the probe, and the dynamic performance of positioning stage is important in scratching. Therefore, the first natural frequency is selected as the objective function to suppress the potential vibration and improve machining stability. As the main purpose of proposed positioning stage is to compensate the coarse positioning error and implement high precision motion, the motion stroke should be no less than 50 μm, while the extension range of selected PZT actuator is about 10 μm under preloading condition. Because the input stiffness would affect the output of PZT actuator, the boundary condition is settled as k in < 0.5k PZT [27] . In addition, the maximum stress of the flexure hinge should be less than the allowable stress of the material.
The optimization work can be concluded as follows: 1) objective: maximize the first natural frequency (f); 2) related parameters: r i , t i , and α; 3) subject to; Table I .
IV. FEA
Finite-element method is used to analyze the static and dynamic characteristics of the stage. The material of the stage is AL7075, and the corresponding physical parameters are listed in Table II. The Y-axis deformation behavior of the stage is presented in Fig. 8 with an input displacement of 10 μm. The FEA result indicates that the output displacement is 59.4 μm and the displacements in two directions are decoupled well. The maximum stress is 95.7 MPa. It can be observed that the maximum stress is far below the yield stress (503 MPa) of the material. To get the input stiffness of the stage, a constant force of F = 100 N is exerted at the input end of actuation mechanism. The input stiffness can be calculated as k in = 24.9 N/μm. The vibration frequency and mode of the stage are analyzed. Fig. 9 demonstrates that the first four natural frequencies of the proposed stage are 285.8, 286.7, 1033.2, and 1349.2 Hz. The first two mode shape is the translation motion along the center line of the X-axis and Y-axis, the third mode shape is displayed with motion stage rotates around Z-axis, and the forth mode shape shows the swing up and down at the input sides of actuation mechanism. As the natural frequency of undesired modes is much larger than working modes, the stage exhibits good dynamic performance.
V. EXPERIMENTS AND DISCUSSIONS
A. Experimental Setup
A prototype of the stage is fabricated monolithically through wire electrical discharge machining (wire EDM). The overall dimension of the stage is 160 × 160 × 12 mm 3 , and the dimension of the working platform is 54 × 54 mm 2 . Two PZTs (PSt150/5 × 5 × 20 L from COREMORROW, Inc.) are inserted into the ASBTA to drive the stage. A dSPACE DS1103 controller is utilized to produce analog voltages, which are then amplified by THORLABS voltages amplifier to provide voltages of 0-100 V for the drives of PZTs. The displacements of the stage are measured by three capacitive sensors (C8-2.0 Lion, Inc.), whose outputs are collected simultaneously by a computer through dSPACE controller. All the devices are mounted on a Newport RS-4000 optical table to reduce the external disturbance effects, and the experimental setup is shown in Fig. 10 . displacement. Three capacitive sensors are utilized to measure the displacement of sensor targets, and the results are illustrated in Fig. 11 . It can be observed that the workspace of the stage is 55.4 × 53.2 μm 2 . The X-axis amplification ratio is 5.46, while the coupling rate in Y-axis is 0.45%; the amplification ratio in Y-axis is 5.37, while the coupling rate in X-axis is 0.42%. The measured coupling ratio is relatively small, which indicates good decoupling properties.
B. Open-Loop Experimental Test
The step responses of the stage are investigated, and the experimental result of X-axis is depicted in Fig. 12 . When the step voltage with amplitude of 50 V is applied on actuator, it can be obtained that the setting time is 0.35 s. To evaluate the dynamic performance of the stage, the sine swept signal with a constant voltage of 0.5 V and a frequency varying from 0.1 to 800 Hz is applied to PZT actuators in two directions, respectively. The bode diagram of the transfer function is plotted in Fig. 13 . It can be found that the first two resonance frequency is 253.4 and 253.6 Hz, respectively, which matches well with the FEA. The cross-coupling response is plotted in Fig. 14 , and the coupling motion is 42 and 45 dB smaller than the primary motion in X-and Y-axes, respectively.
Due to the PZT actuators, the hysteresis and nonlinearity of the stage is obvious under open-loop system [33] , [34] . The hysteresis curve and corresponding cross-coupling error are depicted in Fig. 15 according to the relationship between input voltage and output displacement. It can be seen that for a given input voltage value, there are two corresponding displacements in the extension and retraction process of PZT actuators.
C. Closed-Loop Experimental Test
To improve the linearity and repeatability of motion transmission, proportional-integral-derivative (PID) controller is utilized to compensate the hysteresis that exists in PZT actuators. The block diagram of feedback controller is shown in Fig. 16 , where the output displacement is measured by capacitive sensors, and the positioning error between actual output value and desired value is defined as e d = y d -y. The controlling model is established by using the MATLAB/Simulink and downloaded to the dSPACE control system. The PID controller can be expressed as follows:
where K P , K I , and K D denote the proportional gain, integral gain, and differential gain, respectively. Based on Ziegler-Nichols method, the parameters of PID controller are tuned as: k p = 0.1, k i = 40, k d = 0.000064. The step response under PID control is depicted in Fig. 17(a) , and the amplitude of the step is 20 μm. The settling time is 80 ms, and overshoot is 0.1 μm. The square motion-tracking performance is also tested, and the amplitude is 20 μm. The result shown in Fig. 17(b) indicates that the stage can provide high precision positioning under closed-loop control.
The signal trajectory tracking ability is tested. For the applications of probe tip-based micro/nano scratching, the working frequency is usually below 10 Hz. So during the test, with a single 10 Hz sinusoidal input signal applied to X-axis actuator, the ideal output displacement and actual trajectory are depicted in Fig. 18(a) , and the tracking error is shown in Fig. 18(b) . It can be obtained that the maximum tracking error along X-axis is ±0.57 μm, which is 5.7% of the motion stroke. To verify the motion linearity, a 10 Hz triangular input signal with an amplitude of 20 μm is applied, and the results are plotted in Fig. 19 . As the measured output displacement can closely follow the ideal triangular trajectory, the hysteresis of PZT actuator is effectively eliminated.
To test the tracking capability of two axes simultaneously, a typical circle trajectory experiment is conducted. The trajectory 
As can be seen in Fig. 20(a) , the stage can accurately track the desired trajectory under close-loop control, which indicates that the PID controller can eliminate the hysteresis and nonlinearity, and further improve the positioning accuracy.
The resolution of the stage is tested, and the result is shown in Fig. 20(b) , the resolution is 8 nm from the multistep response experiment, which indicates the stage can realize nanometric resolution over tens of microns working range.
D. Performance Evaluation and Discussion
Comparison study has been carried out with some typical fine stages that can be used for coarse/fine positioning system and the results are shown in Table III. In the field of micro/nano positioning, factors like workspace, resonant frequencies, and physical size are commonly used to assess a positioning stage. In addition, another factor should be considered is the actuator protection device, which is of great importance to protect PZT from undesired motion or load. It can be obtained that the proposed stage can not only protect actuator, but also with large workspace and compact structure size.
E. Probe Tip-Based Micro/Nano Scratching
To investigate the performance of proposed stage in application, the experiment is conducted by using positioning stage in a self-developed micro/nano scratching system shown in Fig. 21(a) . The overall frame applies the gantry structure, and three manual coarse motion platforms are arranged orthogonally to realize a large range adjustment. The micro/nano positioning stage is placed on the planer coarse motion platform to realize precision positioning, and the sample is placed on micro/nano positioning stage. An L-shape bracket is fixed on vertical manual coarse positioning platform, and the horizontal plate is utilized to connect the probe system. After the probe is indented into the sample, the micro/nano positioning stage would be actuated to complete the scratching process. The result of single groove scratching on a silicon substrate is depicted in Fig. 21(b) . In order to investigate the precision positioning ability in scratching, the multigroove scratching with 40 nm feed is conducted, which can be seen in Fig. 21(c) . The experiments indicate that proposed stage can not only compensate the positioning error of coarse motion platform, but also implement stable and precision motion in tip-based micro/nano scratching process.
VI. CONCLUSION
In this paper, we presented the design, modeling, analysis, and experimental test of a novel actuator-internal 2-DOF micro/nano positioning stage. The input displacement was amplified by an ASBTA based on SNCFH, which was designed with compact structure and large transverse stiffness. Double parallel mechanism was adopted to realize input and output decoupling. In addition, an actuation internal configuration was utilized to reduce the structure size. The analytical model was established to analyze the characteristics of the stage and optimize the geometric parameters. Furthermore, FEA was utilized to evaluate the performance of the positioning stage.
A prototype of this stage was fabricated by EDM method, and a series of experiments were conducted. The experimental results indicated that the proposed positioning stage could implement decoupled motion with the travel range of 55.4 × 53.2 μm 2 , where the amplification ratio in X-and Y-axis was 5.46 and 5.37, respectively. PID controller was utilized to improve the motion stability and repeatability. The comparison with some typical stages indicated that proposed positioning stage not only provided actuator-protection function, but also realized large workspace and compact configuration simultaneously. Micro/nano scratching experiments were conducted based on the self-developed micro/nano scratching system, which indicated that the proposed stage could be utilized in the field of probe tip-based micro/nano scratching. The main focus of future study was to investigate more complex scratching and manipulation with the proposed stage.
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